Diverse stress signals including irradiation may trigger cellular senescence. We asked whether irradiation induced senescence in mouse hippocampus, and whether p53 or p21 played a role in this response. Following whole-brain irradiation, polymerase chain reaction (PCR) arrays for senescence-associated genes showed increased expression of CDKN1A (p21) and CDKN2A (p19ARF) in mouse hippocampus at 9 weeks. Upregulation of p21 and p19ARF was confirmed using real-time PCR, which also demonstrated increased CDKN2A/p16INKa expression after irradiation. No altered regulation of another 17 senescence-associated genes was observed after irradiation. Immunohistochemistry revealed increased nuclear expression of p16INK4A, p19ARF, p53, p21, phosphorylated p38 (pp38), 4-hydroxy-2-nonenal, and interleukin-6 (IL6) in granule cells of dentate gyrus after irradiation. Increased p16 nuclear immunoreactivity was further observed in type -1 cells, the putative neural stem cells. c-phosphorylated-histone-2A nuclear foci were also seen in dentate gyrus 9 weeks postirradiation. In nonirradiated mice knockout of the TRP53 or p21 gene, there was increased p16INK4A, p19ARF, and IL6, but not pp38 in dentate gyrus. We conclude that irradiation induces transcript and protein expression profile alterations in mouse dentate gyrus consistent with the senescence phenotype. Absence of p53 or p21 results in increase in baseline expression of senescence markers with no further increase in expression after irradiation.
INTRODUCTION
Cellular senescence is generally defined as the permanent growth arrest of proliferation competent cells following various stimuli or stresses (1, 2) . It is involved in a number of biological processes such as tissue repair, tumorigenesis, and aging (3) . p16INK4A (p16) and p19ARF/p53/p21 are 2 major signaling pathways that have been described to regulate senescence (1) .
Senescent cells secrete a diverse array of proteins, which include pro-and anti-inflammatory and extracellular matrix remodeling factors. This characteristic of senescent cells is referred to as the senescence-associated secretory phenotype (SASP) (4) . Transient SASP may help to recruit immune cells to assist cell clearance and repair; however, prolonged SASP may induce immune suppression and enhance tumor proliferation and invasion (4) . Although not fully understood, p38 signaling has been shown to be involved in SASP (5, 6) .
Cellular senescence can be triggered by DNA damage following ionizing radiation (1, 2) . Cranial irradiation is an important treatment for brain tumors. It is unfortunately associated with irreversible late effects including cognitive deficits (7) . Neurogenesis in the dentate gyrus of the hippocampus plays a major role in learning and memory function. There is evidence that disruption of hippocampal neurogenesis may play a role in the pathophysiology of neurocognitive dysfunction following cranial irradiation. Although the underlying mechanism of inhibition of neurogenesis after irradiation remains unclear, neuroinflammation in the neurogenic niche may contribute to the disruption of neuronal development (8, 9) . Neuroinflammation following cranial irradiation may be a manifestation of SASP, a phenotype of cellular senescence.
The aim of the current study is to determine if there is evidence for cellular senescence in mouse dentate gyrus within the hippocampus following cranial irradiation. Since there are no definitive markers to identify senescence in vivo (2), we determined the expression of senescence-associated genes in hippocampus using polymerase chain reaction (PCR) arrays and real-time PCR. Using immunohistochemistry, we assessed the expression of a variety of biomarkers, namely p16, p19ARF, p21, and p53 for cell-cycle arrest, nuclear cphosphorylated-histone-2A (cH2AX) foci for DNA damage response, 4-hydroxy-2-nonenal (4HNE) and phosphorylated p38 (pp38) for reactive oxygen species/oxidative stress, and interleukin-6 (IL6) for inflammation, to provide evidence for the senescent phenotype (10) (11) (12) . The p53/p21 pathway is known to regulate cellular senescence (1, 2) . Using TRP53 (p53) or CDKN1A (p21) knockout mice (À/À), we also asked if p53 and/or p21 might play a role in senescence in mouse hippocampus after irradiation.
MATERIALS AND METHODS

Mice and Irradiation
Male C57 p53 knockout (The Jackson Laboratory, Bar Harbor, ME) or p21 knockout mice (À/À) and their wild-type (þ/þ) littermates were used. Genotyping was performed by PCR (13) . Ten-week-old mice were given 5 Gy of cranial irradiation as previously described (14) . All control mice were sham-irradiated. A separate cohort of 24-month-old C57 mice was used as positive controls for immunohistochemistry. All animal experiments were performed according to the guidelines of the Canadian Council on Animal Care (Animal Use Protocol No. 156), and approved by the institutional Animal Care Committee. Only male mice were used in the experiments to avoid the potential influence of sex on the results (15) .
Evidence for senescence was previously observed in mouse brain beginning at 1-2 months and persisting to 12 months after irradiation (16, 17) . We have recently demonstrated disruption of neuronal development in mouse dentate gyrus at 5 to 9 weeks after a cranial irradiation of 5 Gy (18) . Cognitive deficits in mice were observed at 12 weeks but not 4 weeks after cranial irradiation (19) . We thus determined evidence for cellular senescence at 9 weeks after irradiation in the present study.
PCR Arrays and Quantitative Real-Time PCR
PCR arrays and quantitative real-time PCR were performed using RNA isolated from fresh hippocampi dissected as previously described (20) at 9 weeks after 0 or 5 Gy. Tissue samples were placed in dry ice immediately after dissection, and stored in À80 C before being homogenized in Trizol (Invitrogen, Burlington, ON, Canada) for total RNA isolation. RNA quality was determined using a spectrophotometer. PCR arrays for cellular senescence (RT2 Profiler PCR Array, PAMM050Z, SABiosciences/Qiagen, Frederick, MD) were used to screen for differential regulation of 84 senescenceassociated genes after irradiation (Supplementary Data Table  S1 ). RNA was reverse-transcribed using the RT 2 First Strand Kit (Qiagen). cDNA was added to the RT. SYBR Green qPCR Master Mix (Qiagen) and PCR was run according to the RT2 Profiler PCR ArrayUser Manual (Qiagen). Preamplification was performed using the species-and pathway-specific RT. PreAMP Primer Mix (Qiagen). Fold regulation was calculated and analyzed based on the DDCT method using the GeneGlobe data analysis web portal (www.qiagen.com/geneglobe).
For real-time PCR, RNA (1-2 lg) was treated with DNase and removal reagents using DNA-free (Invitrogen), and reverse-transcribed using the cDNA synthesis kit SuperScript VILO (Invitrogen) according to the manufacturer's protocol. A total of 20-30 ng cDNA was used for each 20 ll amplification reaction. Each experiment included no reverse transcriptase/nontemplate controls to detect residual genomic/template contamination. PCR was performed by a StepOnePlus Realtime PCR System (ThermoFisher Scientific, Waltham, MA) using the FastStart Universal SYBR Green Master with Rox (Roche Diagnostics, Laval, QC, Canada). The PCR program consisted of a denaturation step at 95 C for 10 minutes, and Expression for senescence biomarkers is increased in mouse dentate gyrus after irradiation. Representative photomicrographs of dentate gyrus demonstrate increase in p16 (A) and p19ARF (B) nuclear immunoreactivity at 9 weeks after amplification for 40 cycles of 15 seconds at 95 C and 1 minute at 60 C. Baseline and threshold cycles were determined using the StepOnePlus Real-time PCR software. Melting curves were checked to confirm presence of a single peak for each gene at the expected melting temperature position. The DDCT method was used for relative quantifications. Primers were designed with Primer-BLAST (www.ncbi.nlm.nih.gov/ tools/primer-blast) using published sequence data from the NCBI database (www.ncbi.nlm.nih.gov) and positioned within different exons of the gene to prevent amplification from genomic DNA (Supplementary Data Table S2 ). UTP6 and GAPDH were used as reference controls.
Immunohistochemistry
Mice were killed at 9 weeks after cranial irradiation by intracardiac perfusion with 4% paraformaldehyde in saline as previously described (21) . Brains were postfixed in 4% paraformaldehyde for 24 hours before cryoprotection in PBS with 30% sucrose. Standard paraffin-embedding methods were used and 4-lm-thick coronal sections containing the dentate gyrus were used for immunohistochemistry.
Following incubation in 3% hydrogen peroxide for 20 minutes to quench endogenous peroxidase activity, sections were incubated with primary antibodies of interest at room temperature overnight. Secondary antibodies were added and incubated for 3 hours before staining with 4 0 ,6-diamidino-2-phenylindole (DAPI) to identify cell nuclei. Slides were washed with PBS between steps.
The primary antibodies used included those against p16 (1:100, Santa Cruz Biotechnology, Santa Cruz, CA), p19ARF For evaluation of cH2AX nuclear foci, representative photomicrographs of the dentate gyrus were taken and particle analysis was done using Image J. Nuclear localization of foci was confirmed using DAPI staining. The number and the size of foci represented results from photomicrographs taken at 2 and 3 lm from the top of each 4-lm-thick section. A minimum of 50 cells per photomicrograph was used for cH2AX foci analysis. A minimum of 50 positive (p53-positive) and 4HNEþ granule cells per mouse were counted for percentage of p53-positive and 4HNE-positive cells. Since virtually every nucleus within the dentate gyrus appeared to express p16, p19ARF, p21, pp38, and IL6 immunofluorescence after irradiation, a semiquantitative analysis of fluorescence intensity was performed for these markers. The fluorescence intensity of the molecular layer of the dentate gyrus and a minimum of 50 granule cells per dentate gyrus was measured with Image J. Fluorescence intensity of granular cells was subtracted from that in the molecular layer for the results. Twenty-fourmonths-old mice demonstrated increased immunoreactivity for p16 and p19ARF (11) , and served as positive controls (Sup plementary Data Fig. S1 ).
Type 1 cells are the putative neural stem cells (22) . They reside in the subgranular zone, express both nestin and GFAP, and have a triangularly shaped nucleus and a long process that traverses the granule cell layer. Subgranular cells dual-positive for nestin and GFAP (nestin-positive/GFAPpositive) with the characteristic type 1 cell morphology that demonstrated nuclear p16 immunoreactivity per section were counted exhaustively to determine the percentage of p16þ type 1 cells. Colocalization of immunoreactivity in selected sections was confirmed using a confocal laser-scanning microscope (Zeiss LSM 510, Oberkochen, Germany).
Statistical Analysis
For PCR array results, differentially regulated genes after irradiation were defined based on a fold cut-off of 1.5 and p value cut-off of 0.05 calculated using the Student t-test. Results were based on PCR array profiled from 4 irradiated mice and 4 nonirradiated mice. Results from real time PCR consisted of triplicates per animal, again from 4 irradiated mice and 4 controls, and were expressed as mean 6 standard error. Data from irradiated and control mice were compared by t-test.
The immunohistochemistry results were based on a minimum of 3 mice per experimental group per genotype. Irradiated and control mice were evaluated using the Student t-test.
RESULTS
CDKN1A and CDKN2A Are Upregulated in Irradiated Hippocampus
We first examined evidence for differential regulation of senescence-associated genes in hippocampus at 9 weeks after 5 Gy using PCR arrays. Of the 84 senescence associated genes screened (Supplementary Data Table S1 ), there was upregulation of CDKN1A (p21, x2.1, p ¼ 0.03) and the CDKN2A gene transcript that encodes p19ARF (x2.7, p ¼ 0.009) after irradiation compared with controls. ] , C, arrow, red) after irradiation; nuclear counterstaining by DAPI is shown in blue (C, arrow, blue). There is increase in p21 immunoreactivity in granule cell nuclei after irradiation (D). An increase in cH2AX nuclear foci is apparent in dentate gyrus after 5 Gy (E, red, arrows; merged with DAPI, blue). There is increase in unclear immunoreactivity for pp38 (F, green), 4-hydroxy-2-nonenal ([4HNE], G, green) and interleukin-6 (IL6, H, green) in dentate gyrus after irradiation. We next determined the expression of 20 senescenceassociated genes using real time PCR (Supplementary Data  Table S2 ). Upregulation of p21 (x2.1, p ¼ 0.001 compared with controls) and p19ARF (x2.3, p ¼ 0.02) was again observed after irradiation. In addition, there was a 2.7-fold increase in expression of the CDKN2A transcript that encodes p16INK4A (p16, p ¼ 0.003 compared with control) after 5 Gy (Fig. 1) . The expression of H2AFX, TRP53BP1, BRCA1, TRP53, RBL1, RAB1A, SOD1, SOD2, MAPK14, GADD45B, IL1B, IL6, IRF7, TNF, IL10, TGFB1, and MIF in hippocampus was not significantly altered 9 weeks postirradiation compared with controls (Fig. 1) .
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Neurons and Neural Stem Cells Express Senescence Markers in Irradiated Dentate Gyrus
Compared with nonirradiated animals, a marked increase in p16 immunostaining was readily apparent in the hippocampus including the dentate gyrus and the CA1 and CA3 subregion after 5 Gy (Supplementary Data Fig. S2 ). Given the relevance of inhibition of neurogenesis in dentate gyrus after irradiation, the evaluation of expression of senescence biomarkers was limited to the dentate gyrus only. Within the dentate gyrus, virtually every single cell in the subgranular zone and the granule cell layer demonstrated p16 nuclear immunoreactivity after irradiation ( Fig. 2A ; Supplemen tary Data Fig. S2 ). Similar findings were observed for p19ARF (Fig. 2B ). After irradiation, many cells in the subgranular zone and granule layer of the dentate gyrus also demonstrated a marked increase in nuclear immunoreactivity for p53 and p21 (Figs. 2C, D, 3A-D) . The percentage of NeuNpositive cells that were p53-positive was significantly increased after 5 Gy, 55.1% 6 16.6%, compared with controls, 10.2% 6 5.3%, p ¼ 0.03 (Figs. 2C, 3C) .
Senescent cells are known to express foci of DNA damage at dysfunctional telomeres (23) . We therefore determined if cH2AX nuclear foci could be observed in the irradiated dentate gyrus to provide evidence for persistent DNA damage (24) . In nonirradiated mouse brain, cH2AX nuclear foci were rarely observed. An increase in cH2AX nuclear foci and large coalesced nuclear foci were observed in the dentate gyrus after irradiation (Fig. 2E) . The percentage nuclei with cH2AX foci after 5 Gy increased to 9.5% 6 1.9% compared with control, 2.5% 6 0.2%, p ¼ 0.02 (Fig. 3E) . There was also an increase in nuclear area occupied by cH2AX foci after irradiation (0 Gy: 2.2 6 1.5, 5 Gy: 105.8 6 34.0; p ¼ 0.04) (Fig. 3F) .
The protein kinase p38 has been implicated in the regulation of SASP (5). We observed an increase in pp38 nuclear immunoreactivity in virtually all the cell nuclei (Figs. 2F, 3G ) in dentate gyrus after 5 Gy. Oxidative cellular damage is associated with SASP (11) . Using 4HNE, a byproduct of lipid peroxidation and a commonly used marker for oxidative stress (25), we observed an increase in 4HNE nuclear immunoreactivity in the irradiated dentate gyrus (Fig. 2G) . The percentage of granular cells that were 4HNE-positive was significantly increased after 5 Gy compared with controls (0 Gy: 3.8% 6 2.3%, 5 Gy: 33.6% 6 3.6%; p ¼ 0.002; Fig. 3H) .
Upregulation of cytokines is a characteristic feature of SASP (4) . Parallel to the increase in pp38 expression, we observed an increase in IL6 nuclear immunofluorescence in virtually all cell nuclei in dentate gyrus 9 weeks postirradiation compared with the sham-irradiated controls (Figs. 2H, 3I) .
A 5-Gy dose of cranial irradiation was previously shown to result in loss of type 1 cells, the putative neural stem cells in mouse hippocampus at 9 weeks (14) . We used p16 as a marker to provide evidence for cellular senescence in neural stem cells after irradiation. At 9 weeks after 5 Gy, a significant increase in nestin-positive/GFAP-positive subgranular cells with type 1 cell morphology was noted to demonstrate p16 nuclear immunoreactivity (0 Gy: 2.1% 6 2.1%, 5 Gy: 37.7% 6 4.2%; p ¼ 0.001, Fig. 4 ).
Absence of p21 and p53 Perturbs the Expression of Senescence Biomarkers With or Without Irradiation
To address the effects of p21 and p53 in the expression of the senescent phenotype after irradiation, p16 and p19ARF expression was evaluated using immunohistochemistry in p53À/À and p21À/À mice after 5 Gy. Immunofluorescence of pp38 and IL6 was used as a measure for SASP. A marked increase in p16 immunofluorescence in dentate gyrus was observed in nonirradiated p21À/À mice and p53À/À mice compared with the wild-type (Figs. 5, 6A) . No further increase in p16 expression was seen in the knockout mice after irradiation (Fig. 6A) . A similar increase in p19ARF immunoreactivity was observed in nonirradiated p21À/À mice and p53À/À mice compared with the wild-type animals (Figs. 5, 6B) . A 5-Gy dose also did not result in further increase in p19ARF immunoreactivity in p21À/À and p53À/À mice compared with nonirradiated controls (Fig. 6B) .
Expression for pp38 in dentate gyrus was not significantly higher in sham-irradiated p21À/À mice and p53À/À mice compared with wild-type animals (Figs. 4, 5C) . Irradiation, however, did not result in further increase in pp38 in the knockout mice (Fig. 5C ). IL6 expression in dentate gyrus was higher in sham-irradiated p21À/À mice and p53À/À mice compared with wild-type mice (Figs. 5, 6D ) with no further increase in expression seen in the knockout mice after irradiation (Fig.  6D) (12) . 
DISCUSSION
The literature on expression of senescence associated genes in the central nervous system after irradiation is rather limited. Increase in expression of CDKN2A (p16), p53, CDKN1A, IL1A, and IL6 was observed in irradiated microvascular endothelial cells cultured from rat brain (26) . Downregulation of ATM, ATR, TRP53BP1, TRP53, and H2AFX, genes involved in DNA damage response, and upregulation of CDKN1A and GADD45A, genes associated cell-cycle arrest, was described in neural stem/progenitor cells in vitro after irradiation (27) . Our results from both PCR arrays and real-time PCR showed that CDKN1A and CDKN2A, gene transcripts that encode p21 and p19ARF/p16, respectively, were upregulated in mouse hippocampus 9 weeks after cranial irradiation.
Altered expression of TRP53BP1, TRP53, H2AFX, IL1A, and IL6 was not observed after irradiation.
After total body irradiation there was an acute and persistent (up to 45 weeks) increase in 53BP1 foci, a marker of DNA damage response in the hippocampus. Interestingly, p16 expression in the brain was not elevated until 12 weeks post-total body irradiation (16). Both low dose particle and gamma irradiation resulted in increase in expression of a number of senescence-related markers including p16, p19ARF, p21, p53, and 4HNE in mouse cerebral cortex at 2 and 12 months postirradiation (17) . Here, using a comprehensive set of markers for cell cycle arrest, DNA damage response, oxidative stress, and SASP, our results based on gene expression and immunohistochemistry were consistent with the presence of cellular senescence in mouse hippocampus 9 weeks after cranial irradiation. Our results in biomarker expression in granule cells support the presence of a senescent phenotype in postmitotic neurons after irradiation. A p21-dependent senescent phenotype has been described in Purkinje cells, cortical and peripheral neurons in very old mice (11) . The association of p16 upregulation with SASP is well described (1, 4) . Increase in p16 in postmitotic granular neurons in the context of aging and its coexistence with several indicators of SASP have also been described (11) . Consistent with this notion is the observation of increase in the expression of IL6, one of the best-described SASP components (2) postirradiation. Neuroinflammation has been postulated to play a causative role in inhibition of hippocampal neurogenesis after irradiation (28) . The biologic relevance of increase in p16 and p19 in postmitotic neurons could be their association with SASP and their potential contribution of SASP to postirradiation neuroinflammation.
A recent study demonstrated radiation-induced senescence in hippocampal neural progenitors in vitro (29) . Here, we observed an increase in p16 expression in type-1 cells, the putative neural stem cells, in the irradiated dentate gyrus. At 9 weeks after 5 Gy there was decline in type-1 cell proliferation and loss of newborn type-1 cells in dentate gyrus (18) . Depletion of the neural stem cell pool is consistent with senescence in neural stem cells after irradiation as observed here.
Upregulation of p16INK4A has been observed in several tissues of p53À/À mice (30, 31) , supporting the negative regulatory relationship between p53 and p16. Deficiency in p21 may also be associated with increased p16 expression although the results are contradictory . In p21-null neural stem cells, expression of p19ARF but not p16INK4A was increased (35) . The increase in p16 and p19ARF observed in nonirradiated p53À/À and p21À/À hippocampus here supports the notion that p53 and p21 may negatively regulate p16 and p19ARF. Deficiency in p53 is associated with increased hippocampal neurogenesis (18, 36) . There is also evidence for increased cell proliferation in the neurogenic zone of p21À/À mice (37) . It is likely that, despite the increase in senescence markers in these knockout mice, there is no growth arrest due to inactivation of the downstream effectors of the senescence program, namely p53 and p21 (1) .
Increase in p21 after ultraviolent irradiation is absent in p16-deficient mouse embryo fibroblasts. Upregulation of There is increased immunoreactivity of p16, p19ARF and interleukin-6 (IL6) but not phosphorylated p38 (pp38) in dentate gyrus of nonirradiated mice knockout of the TRP53 gene (p53À/À) or the CDKN1A gene (p21À/À).
p53 postultraviolent irradiation was also compromised in terms of its induction magnitude and timing (38) . These results suggest that full activation of p53 and p21 following irradiation depend in part on the integrity of p16. Here, cranial irradiation did not result in further increase of p16 and p19ARF in p53À/À or p21À/À dentate gyrus, suggesting that the absence of p53/p21 results in an altered senescence response after irradiation. The increase in IL6 expression in nonirradiated p53À/À and p21À/À mice is intriguing since IL6 deficiency is associated with decreased adult neurogenesis (39) , and both adult p53À/À and p21À/À mice are known to have enhanced neurogenesis (21, 36, 37, 40, 41) . In the Prospective Study of Pravastatin in the Elderly at Risk, higher plasma levels of IL6 were associated with worse executive cognitive function (42) . Although known to participate in neurogenesis, IL6 is a multifunctional cytokine, and its biologic role may be context dependent (43) .
In our study, ablation of p21 and p53 did not result in a significant increase in the baseline expression of pp38. This could be related to the limitation of immunohistochemistry or the number of animals used. Inhibition of p38 has been shown to reduce the production of IL6 and other proinflammatory cytokines (44) . Increase in pp38 was associated with increased IL6 in the aging brain (11) . Examination of other signature of SASP such as IL8, TNFa and other immune modulators and cytokines may help to delineate the impact of p21-and p53-deficiency on postirradiation neuroinflammation. It is well established that irradiation results in neuroinflammation and microglial activation in the hippocampus (14, . To what extent SASP contributes to the radiation injury response remains unclear.
The lack of increase in p16, p19ARF and IL6 in knockout mice after irradiation may be due to saturation of the response or alternatively, limitation of immunohistochemistry. Here, immunohistochemisty was used to allow for visualization of the anatomy to provide information on spatial localization and cell-type specific expression of senescence markers. Unfortunately, many of the current antibodies available for senescence do not permit simultaneous immunohistochemistry of many phenotypic markers for neurons and neural progenitors. The requirement for paraffin-embedding methods also does not allow stereological analysis for nonbiased evaluation of cell numbers.
Our study highlights the complexity of cellular senescence and the need for multiple biomarkers to characterize the senescence phenotype (2) . The present results in knockout mice raise caution about the limitations of these biomarkers to study senescence in vivo in neurological disorders or pathologic conditions using models where the molecular pathways of senescence are perturbed. In summary, cranial irradiation induces a senescence phenotype in granular neurons and neural stem cells of the dentate gyrus. Ablation of p53 or p21 results in increase in the expression of senescence markers in the dentate gyrus in the absence of irradiation, and no further increase after irradiation.
